Supplementary Methods

Plant materials
The biological materials and allele numbers used in each experiment are shown in Figure 1C .
Growth, harvesting, RNA extraction and analysis
ROBuST dataset (Experiment 1 of Figure 1C)
Seedlings were grown on half-strength Murashige & Skoog media (MS) with 1.2 % agar, without added sucrose. Following 7 days of entrainment under LD cycles of 12h L:12h D at 22°C, seedlings were transferred to 17°C on the same light regime, and on the fifth day at 17°C seedlings were harvested every two hours into 1 ml of RNAlater (Ambion; Austin, Texas, USA 
TiMet datasets
a. Plants grown on soil: TiMet rosette and seedling 1 datasets (Experiments 2 and 3 of
Figure1C)
Arabidopsis thaliana seeds were sown on wet soil, covered with transparent lids and transferred to growth chambers. Plants were grown in 12 h light / 12 h dark cycles with a light intensity adjusted to 160 µmol m -2 s -1 . Temperature was 20 C during the light phase and 18 C during the dark phase. Pots were randomized to decrease positional effect. After a week lids were removed and the excess plants were thinned. After another seven days plants were treated with Nematodes as a biological pest control.
On the 21 st day (rosette plants) or 13 th day (seedlings) after sowing two biological replicates per time point were harvested and immediately frozen in liquid nitrogen. Each replicate consisted of a pool of 5-7 plants. Sampling was performed with 2h intervals, starting at ZT0, within 5-10 minutes before the given time point. Plant material was ground using a Ball-Mill (Retch, Germany). Around 50 mg of material from each sample was aliquoted into 2ml microcentrifuge tubes (Eppendorf, Germany). RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN) by following the manufacturer's instructions. Briefly, the RLC buffer (500µL) was added to the frozen plant powder and the mixture was homogenised. RNA standards were added (see below). RNA was eluted from the RNeasy spin column twice, first with 50 µL and then with 30 µL of RNase-free water. The concentration of RNA was determined using the Nano-Drop ND-1000 UV-Vis spectrophotometer (Nano-Drop Technologies).
b. Plants grown in sterile media: TiMet seedling 2 dataset (Experiment 4 of Figure1C)
Surface-sterilized seeds were sown on half-strength Murashige-Skoog media (MS) with 1.2 % agar without addition of sucrose. After 4 days of stratification in the dark at 4 C plates were transferred to growth chambers and grown for 10 days in 12 light / 12 dark cycles, with light intensity of approx.
100 µmol m -2 s -1 and temperature of 22 C during the day and 18 C during the night. Seedlings were harvested on the 10 th day into 2ml Eppendorf tubes and immediately frozen in liquid nitrogen. For each time point, three independent biological replicates were collected; each included 10-20 seedlings.
Samples were taken within 10 -15 min before the given time point. Frozen seedlings were ground using a Ball-Mill (Retch, Germany). RNA was extracted using the RNeasy Plant Mini Kit (QIAGEN) but using half the volume of all buffers. RNA standards were added (see below). In the last step RNA was eluted from the RNeasy spin column once with 20 µL of RNase-free water. The concentration of RNA was determined using the Nano-Drop ND-1000 UV-Vis spectrophotometer (Nano-Drop Technologies).
c. cDNA preparation and analysis
Contaminating DNA was removed from samples using TURBO DNA-free TM kit (Applied Biosystems) by following the manufacturer's instructions. The concentration of RNA was determined using Nano-Drop spectrophotometer. 1µg of DNase treated RNA was used for cDNA synthesis.
Reverse transcription used the SuperScript III First-Standard Synthesis System Kit (Invitrogen).
Briefly, 1µg of DNase treated RNA was mixed with 2µL of oligo(dT) primers (50µM), 2µL of random hexamers (50ng/µL) and 1µL of dNTP mix (10mM 
d. Data calibration to absolute values
The transcript data are expressed in RNA copy number per cell. This absolute quantification of the transcripts level was achieved using artificial poly(A) + RNAs (ArrayControl RNA Spikes -Applied Biosystems) as internal standards. Eight different artificial mRNA spikes with known concentration (Supplementary Table 1 ) were mixed and the same amount of the spikes mix was added to all tested samples at the first step of the RNA extraction procedure (after adding the RLC buffer to the frozen plant material, see above). The efficiency and the Ct values of all 8 spikes were used to generate a standard curve for each sample. Each measured data point was plotted against the standard curve to calculate the concentration of mRNA in units of copy number per gram fresh weight (copy number / g FW). The procedure is very similar to our earlier report (2) , which also addressed the accuracy of the measurements. Our results are in line with their conclusion that, for a single timepoint with achievable replication, "Precise quantification of changes of [less than] two-fold is difficult using qRT-PCR.".
Adjacent timepoints and successive daily cycles in circadian data provide greater support than the single-timepoint assays in (2) . Rigorous assessment of the uncertainties will require more sophisticated statistical models, as the system's behaviour is not independent at successive, 2-h timepoints.
To determine the cell number per g FW, the genome copy number per gFW was quantified. For this purpose artificial DNA spikes were added to the extract during DNA extraction (at the beginning of the protocol). Next, PCR reactions with primers for genes that are known to have only a single copy per genome (e.g. mitochondrial 26S ribosomal RNA protein, NADH dehydrogenase subunit 9, NAD(P)H dehydrogenase subunit H protein) were performed. The ploidy level of the samples was estimated using flow cytometry. Finally, the genome copy number per g FW was divided by the ploidy level. The resulting number (25.000.000 copy number/g FW) was used to express metabolite and transcript data.
McWatters dataset (Experiment 5 of Figure 1C)
Seedlings were grown on sterile media containing 3% sucrose. Entire seedlings including roots were harvested every 3h. RNA was extracted, amplified and analysed, all using methods previously described (3).
Edwards dataset (Experiment 6 of Figure 1C)
Seedlings were grown on sterile media containing 3% sucrose. Entire seedlings including roots were harvested every 2h. RNA was extracted and analysed as described (4).
Southern dataset (Experiment 7 of Figure 1C)
Seedlings were grown on sterile media containing 3% sucrose, harvested every 3h with additional sampling times around light-dark transitions; RNA was extracted, amplified and analysed, as described (5).
Evaluation of datasets
The larger data sets reported here were acquired using automated, quantitative RT-PCR platforms that were established as shared facilities for research centres in Golm and Edinburgh. The experiments remained laborious and costly, despite the automation and reduced reagent costs from small assay volumes; further miniaturisation of these assays shows promise for future studies (as in 6). Largescale data cannot usually be acquired with the same uniformity as small-scale datasets. Replacing individual measurements with supplementary experiments to improve technical quality is infeasible, because the broad scope of genotypes, conditions and timepoints in the original studies makes such experiments expensive relative to the small number of improved data points, and introduces a further source of variation. Thus we note technical variation in order to inform subsequent analysis, reinforcing the point that only a small proportion of the data were affected. RNAs with low amplitude regulation (TOC1, ELF3) or low expression levels (PRR9) are most obviously affected. Automated liquid handling avoided the sample-to-sample variation of manual pipetting in the earlier, Southern data (Supplementary Figure 5E , 5F) but risked introducing larger-scale effects. Three issues affected multiple samples. One timepoint (ZT24) in the ROBuST data was discarded for several genotypes due to a harvesting error; ZT24 data are expected to be very similar to ZT0 but the tissue is one day older.
Some technical replicates in ROBuST were discarded and repeated wholesale when a trend was discovered across multiple samples, due to a progressive liquid handling error in the robot used in PCR setup. The first Col-0 samples in the TiMet rosette dataset showed high biological variability due to harvesting or calibration, so the entire first 24h of the timeseries were replaced by a supplementary experiment (shown as experiment 2B in Figure 1C ).
No molecular phenotype was detected when the toc1 mutant was tested under red light in the Southern data set (data not shown). The strong toc1-2 mis-sense allele that was used in this study causes a splicing defect (7) . The expected change in the size of the TOC1 transcript was detected using the method described (7) on our RNA samples, confirming their genotype (8) . toc1-2 seedlings do show hypocotyl elongation defects when grown under red light on media without exogenous sucrose (9) , so the absence of molecular phenotype is possibly due to 3% sucrose in our media. The toc1-9 and toc1-100 alleles tested under white light in the ROBuST and TiMet data sets gave the expected molecular phenotypes.
We found no consistent effect on the RNA profiles from normalisation to endogenous control RNAs.
TiMet rosette data were normalised to absolute, external standards (Figure 1 ) or to internal controls ( Figure 3 ), for comparison to the profiles from other data sets. The profiles were very similar in both analyses, even for features that varied across experiments. In the GI profile, for example, the minor peak at ZT2 was 20% of the major peak at ZT8 in Figure 1 in Col in Figure 1 (18% in Figure 3 ), or 11% (10%) in Ws. The 1-2% differences were much less than the biological variation (see Figure 1 ).
Supplementary Analysis
Interpretation of Phase-Plane Diagrams
Phase plane diagrams plot the levels of two components against each other ( The dependence of an interaction of two genes upon a third regulator was strikingly illustrated by plotting the profiles of PRR9 and ELF4, which peak far out of phase in the wild type ( Figure 7D ). Starting from ZT0, acute light activation of PRR9 drives peak expression at ZT2-6 while ELF4 expression is minimal. ELF4 expression rises to peak at ZT10 as PRR9 falls, consistent with some contribution to repressing PRR9. ELF4 expression falls at night (red dashed line) while PRR9 expression is minimal. Data from LL (filled symbols) suggest a negative correlation in the subjective night, when ELF4 falls as PRR9 rises. In the lhy cca1 double mutant under LD cycles ( Figure 7E , open symbols), PRR9 is partially de-repressed at ZT0, but remains out of phase with ELF4. However, the two genes are co-regulated for part of the cycle under LL, creating a diagonal with a positive gradient (red dashed line, Figure 6F ).
Phase plane diagrams for the prr7 prr9 double mutant ( Figure S6 ) showed that ELF4 expression rose while CCA1 (and LHY, not shown) were still significantly expressed at the end of the day, suggesting that not only CCA1 and LHY but also the PRRs repress ELF4 in the wild type.
Removing PRR9 and PRR7 also revealed simpler correlations of PRR5 expression with CCA1 and ELF4 ( Figures S6E, S6H ).
Model versioning and optimisation
We have adapted the Community Earth System Model version-naming convention (10 (Figure 9 ) suggest that small discrepancies in simulated amplitude are better tolerated in the costing than discrepancies in timing, matching our priorities. Moreover, our choice of Hill coefficients is very conservative (all set at 2), restricting the nonlinearity of simulated gene regulation and tending to reduce the amplitudes of the simulated RNA profiles. The >100-fold relative amplitudes observed for some clock RNAs suggest much greater non-linearity of regulation in vivo.
Optimisation job .599 tested 5000 randomly-generated parameter sets and optimised the best solutions in a population of 200 models over 599 generations; computation time was 6 hours on a server with eight Intel Xeon processing cores. Job t40 tested randomly-generated parameter sets before optimising the best solutions as above; computation time was 8.5 hours using 4096 processing cores on the UK national supercomputing resource HECToR. The parameter constraints and optimised parameter values are listed in the SBML files (see Data, model and code accessibility). 
Supplementary Figure Legends
Supplementary Table Legends
Supplementary Table 1 . mRNA calibration standards.
Concentration of artificial mRNA spikes (number of copies per extract) added to each sample as an internal standard to allow the quantification of RNA copy number.
Supplementary Tables
Supplementary Table 1 Concentration of artificial mRNA spikes (number of copies per extract) added to each sample as an internal standard to allow the quantification of RNA copy number. 
